














not limit cycle since trajectories have a certain width after
1000 walking steps, meaning these oscillations are strange
attractors. We have not known whether these trajectories are
chaos or not. Further, Fig. 10 shows the relation between
anglesyi»; us and angular velocitiegy»; a5 of arms. Here,

Oz = (g5 = 0:2 [rad] andgz = ais = 0:0 [rad/s] as initial
condition, then there was no input torque to arms and hands
while walking. However, amplitude of arms’s swing became
large spontaneously and converged to a certain amplitude and
period. Therefore, we can say that both arms’ swing were
caused by interactions of walking dynamics.

Fig. 8. Screen-shot of bipedal walking

B. Event-driven walking pattern

Figure 11 shows state transition generated by the hu-
manoid’s dynamics, both feet's position yrz plain and
displacement of ZMP during one walking step. In this
simulation, the humanoid walked in accordance with the
following path: (! (19! @O an%r av) ! !
¢ ¢ CThis transition was selected among all possible transient
in Fig. 5 by the solution of dynamics represented by Egs.
(10), (16), initial condition and input torque. That is, the path
of transition will be changed easily by these factors.

Moreover, Fig. 11 denotes that ZMP moves forward and
reaches the edge of supporting-foot while the other foot in
the air, meaning that the robot is tipping over, which does
not appear in ZMP-based walking. We think that this kind
of natural walking is caused by the effect of visual feedback
as shown in the following subsection.

Fig. 9. Relation ofqi0 anddqio

C. Effects of visual feedback VI. CONCLUSION

We assume that two patterns of supporting-foot's con- AS @ first step to realize human-like walking for com-
tacting and input torques based on Eq. (24). Since state Bfcateéd humanoid's dynamics, strict dynamical model that
Fig. 12 (a) meaning surface-contacting is thought to be gPntains flat feet including toe, slipping and bumping was
manipulator fixed at the ground as shown in Fig. 13 (a), it i§"€&€d in this paper. Then, we proposed Visual Lifting
clear that Eq. (24) can lift the robot's head up toward desiregt@Pilization based on visual feedback as a strategy that
position. On the other hand, effectiveness of visual feedbad@¥€vents turnover generated by unpredictable slipping or
is unclear in toe-contacting phase because there is no inw‘tstable gaits. From simulation resqlts, we conﬁrmed that
to toe’s joint that means the robot's non-holonomic dynamic1® Proposed strategy can help realize a ZMP-independent
include constraint condition of toe’s joint. However, Fig. 13alking and verified that walking period and feet's motion
(b) simulating the state of Fig. 12 (b) indicates that althougff the humanoid change by adjusting the strength of visual
one link corresponding to the foot falls by gravity, the otheré&€dback. Moreover, through the motion of arms and legs
are pulled toward the desired position. Therefore, we can s§pM transient state to steady state, we also verified that left
that visual feedback may make the whole dynamics stabff'd right arms’ swinging motion began spontaneously by
partially even though non-holonomic constraint be added td€ internal dynamical interactions even though their input

Here, we discuss whether Eq. (24) makes the humanoid@raues of both arms are set to_ be always zero, converging
pose stable. By changing the value of feedback #ajn the © the same symmetric phase diagrams. _ -
strength of force lifting the robot's head is adjustable. Here, FOr this reason, we believe that this strategy will addition-
to verify some effects that the strength of visual feedbacf!lY contribute to analyze humanoid's motion for human-like
gives to the humanoid’s walking, we confirmed walkings by’iPedal walking.
using some kinds oBK , (® is weight coefficient). Figure
14 shows vertical position of center of foot’'s bottom face
from 10 to 20 [sec] and Table Il means maximum averagdll S-Kajita, M. Morisawa, K, Miura, S. Nakaoka, K. Harada, K. Kaneko,
of the position and period of walking according to the value  [inear mverted Pendulom TrackingProc. EBE/RSS International
of ® When® is larger, walking period becomes longer and  Conference on Intelligent Robots and Systems, pp.4489-4496, 2010.
vertical position of the foot becomes higher, with the robot's[2] H. Dau, C. Chew and A. Poo, “Proposal of Augmented Linear
head pulled strongly. Moreover, 3:82 - ® - 1:06, the Inverted Pendulum Model for Bipedal Gait Planningroc. IEEE/RSJ

) ) ) - . International Conference on Intelligent Robots and Systempsl72—
humanoid could walk in our simulation conditions. 177, 2010.
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